Abstract Radial profiles of the ion temperature, Ti, have been measured by a double-sided retarding field analyzer (RFA) in the scrape-off layer (SOL) of the J-TEXT tokamak (R = 105 cm, r = 25 -29 cm, Bt = 1.8 -2.0 T, Ip = 120 -180 kA, ne = (2 -2.5) × 10 19 m −3 ). Strongly declining Ti profiles in the SOL have been found. The different e-folding lengths, λT , of the Ti profiles in two experimental configurations with different magnetic connection lengths, Lc, reveal that a longer Lc results in weaker parallel energy transport and longer λT . In similarity with the particle transport across the SOL, λT is approximately proportional to the square root of Lc. Additionally, the poloidal asymmetry has been identified with enhanced ion energy transport across the SOL on the low-field side.
Investigation of the Ion Energy Transport in the

Introduction
The ion energy transport in the SOL of tokamaks is an important issue for understanding plasma-surface interaction [1] . The power to the limiter or divertor targets must not exceed the critical value that materials of the first wall can bear. Therefore, the investigation of the factors, which determine the ion energy transport, has a direct bearing on the optimization of the tokamak first wall design.
For limiter tokamaks, the limiters suppress the radial particle transport when they are near the last closed flux surface (LCFS), leading to a very thin SOL [2] . Actually, the ion energy transport in the SOL consists of parallel and transverse components to the magnetic field. They jointly determine the ion temperature profile across the SOL. A strong parallel component, which transports the ion energy to the limiter, should result in a steep ion temperature profile, while a strong transverse component should lead to a flat ion temperature profile. Though the ion temperature, T i , and its radial profile have been measured extensively (e.g. Ref. [3] and references therein), the factors determining the profiles are sparsely reported. Recently, a large variety of plasma parameters have been analyzed for the characterization of the SOL power transport in the JET limiter plasmas [4] , however, without any data about the plasma ion component.
The magnetic connection length, L c , is the traveling distance of a particle in the SOL before striking a limiter [5] . It means that L c plays an important role on the parallel transport of the particles and energy. In addition, experimental results indicate the existence of poloidal asymmetry for both particle and electron energy transport across the SOL [6−10] . Kočan and Gunn [11] have demonstrated that the poloidal asymmetry in the radial ion energy transport is similar to that of the particle and electron energy transport. However, despite the fact that the poloidal asymmetry of the particle and electron energy transport suggest that it can be attributed to the plasma rotation [12] , ballooning-like [13] , or/and other interchange instabilities [14−16] , the origin of the ion energy transport poloidal asymmetry is still not clear and needs * supported by National Natural Science Foundation of China To investigate the ion energy transport, a reliable measurement of the T i profile in the SOL is needed. The most widely accepted diagnostic for the SOL and boundary T i measurements is the RFA, which have been applied to measure the ion temperature on many tokamaks, such as JET [17] , Alcator C-Mod [18, 19] , MAST [20] , Tore Supra [11, 21] , ISTTOK [22] , STOR-M [23] , and HL-2A [24] . In this paper, an RFA has been installed and operated on the J-TEXT, which is an iron core mediumsize conventional tokamak with major and minor radii of R = 105 cm and r = 25-29 cm [25] . We arrange four similar poloidal discrete limiters and an electrode biasing (used as an auxiliary limiter) in different ports and at different poloidal locations to compare and analyze the influences of different L c and poloidal locations on the ion energy transport in the SOL. In these experiments, the relationship between the e-folding length, λ T , and L c is obtained and the poloidal asymmetry in the ion energy transport is identified.
The remainder of the paper is organized as follows. The experimental set-up is described in section 2. The results and analysis are presented in section 3. A summary is given in section 4.
Experimental setup 2.1 RFA
A schematic of the RFA is shown in Fig. 1 . The RFA array (the slit plate, two grids and collector) is aligned along the magnetic field. A negatively biased slit plate repels most of the thermal plasma electrons and allows for the ions to enter into the analyzer. The transmitted ions encounter grid 1 and are selectively retarded by the sweep voltage, V grid1 . Grid 2 is biased negatively enough to suppress the secondary electrons emitted from the collector and the slit plate due to ion impact. The ion current, I col , measured on the collector is [20] 
where A s is the slit plate area, eZ i is the ion charge, u = 2eZ i V grid1 /m i (m i is the ion mass), ξ total is the total RFA transmission factor and f (v || ) is the parallel ion velocity distribution function. Assuming that f (v || ) is Maxwellian, the ion temperature can be obtained by a fit of the collector current as a function of V grid1 :
(2) where I 0 = A s eZ i ξ total , V s is the sheath voltage on the slit plate, I off accounts for any current offset due to the electronics of the system, T * i (in eV) is the measured ion temperature and Z i = 1 for hydrogen/deuterium plasmas. The bidirectional RFA employed on the J-TEXT tokamak includes double-sided arrays, which are respectively co-and counter-sides relative to the plasma current direction. The RFA arrays are housed in a machinable ceramic cavity, protected from the plasma heat flux by a graphite cover and mounted on a reciprocating drive [26] via a stainless steel bracket. The RFA external structure and principal dimensions are presented in Fig. 2 . More details of the RFA design can be found in Ref. [27] . The experiments are performed in ohmic hydrogen discharges in a limiter configuration with plasma current I p = 120 -180 kA, toroidal magnetic field B t = 1.8 -2.0 T and central line-averaged electron density n e = (2 -2.5) × 10 19 m −3 . Waveforms of the RFA signals from a typical discharge are shown in Fig. 3 . The collector currents as a function of V grid1 and the fitting based on Eq. (2) are shown in Fig. 4 , with an indica-tion of the respective T * i values measured on the RFA co-and counter-sides. 
Estimation of L c
As mentioned in Ref. [5] , the magnetic connection length L c is the typical distance that a particle has to travel along the magnetic field line in the SOL before striking a limiter. It could be considered that it is the field line length from one side of a limiter to one side of another limiter, or to the other side of the same limiter. For a single poloidal ring limiter, the magnetic connection length is simply L c ∼πR. For discrete and similar limiters, using the result of Stangeby [28] , L c can be approximately calculated as:
where R and r are respectively the tokamak major and minor radii, l = 2rθ is the poloidal arc length intersected by a discrete limiter (as shown in Fig. 5 ), θ = arcsin( a/2 r ), a is the poloidal size of the limiter and n is the number of limiters. From Eq. (3), different L c can be actively acquired by changing r, a and n. 
Experiment description
The top view of the J-TEXT tokamak is shown in Fig. 6(a) . The RFA can be installed in a mid-plane port (Port8) or in a top port (Port13), thus measuring the ion temperature profiles at different poloidal locations. Four similar poloidal discrete limiters in Port14 are located on the low-field side, high-field side and top/bottom sides as shown in Fig. 6(b) . In addition, an electrode biasing (EB) [29] is used as an auxiliary limiter in Port8. The directions of the plasma current, I p , and the toroidal magnetic field, B t , are anticlockwise from the top view of the device.
To study the influence of the magnetic connection length on the ion energy transport and to observe the poloidal asymmetry of the ion energy transport across the SOL, three different configurations of the experiment have been performed.
Configuration (1): the RFA is installed in Port13 and the limiters are set at r = 255 mm except for the top side limiter, which is at r = 275 mm, in order not to shadow the probe head. The radial measurement scope is r=255 -268 mm and plasma parameters are set as: I p = 180 kA, B t = 2.0 T and n e ∼ 2.0 × 10 19 m −3 . Configuration (2): the RFA is installed in Port13. The EB is inserted from Port8 and is set at r=230 mm. Meanwhile, the four main limiters are moved to r=265 mm. The radial measurement scope is r=240 -265 mm and the plasma parameters are set as: I p = 140 kA, B t = 1.8 T and n e ∼ 2.5 × 10 19 m −3 . The poloidal size a, of the discrete limiters and the EB are respectively 25 cm and 3 cm. The limiter numbers, n, in the respective configurations are 3, 1, and 4. According to Eq. (3) the calculated magnetic connection lengths in the above three configurations are respectively L c1 =6.7 -7.1 m (r=255 -268 mm), L c2 =164.7 -183.0 m (r=240 -265 mm) and L c3 =5.3 -6.0 m (r=265 -300 mm). The respective averages are L c1 = 6.9 ± 0.2 m, L c2 =173.9 ± 9.2 m and L c3 = 5.7 ± 0.4 m. The disturbance introduced by the RFA is not taken into account as explained in section 3.4.
Summarizing, the measurements in Configuration (1) and Configuration (2) are characterized by the same poloidal location and different connection lengths while almost the same connection length and different poloidal locations are used for the measurements in Configuration (1) and Configuration (3) . Parameters of the experiments in the above three configurations are gathered in Table 1. 3 Experimental results and analysis
T i radial profiles
To obtain the T i profile, the radial position of the RFA is varied on a shot-to-shot basis. Fig. 7 shows the T i radial profile for the particular case of Configuration (1) . T A i and T B i are measured respectively on the coand counter-sides of the RFA relative to the plasma current direction. The higher temperatures measured on the RFA co-side are caused by the plasma flow, as predicted by Valsaque [30] . In the following, an estimation of T i given by the average T The result indicates that T i drops from 80 eV to 20 eV within the 13 mm of radial distance. Decayed ion temperature profiles across the SOL have also been observed in Refs. [3, [17] [18] [19] [20] [21] [22] [23] [24] .
The influence of L c on the ion energy transport
The ion temperature profiles in Configuration (1) and Configuration (2) are shown in Fig. 8 . The respective temperature drop scales are 80-20 eV and 60-40 eV and the e-folding lengths are λ T 1 = 13 ± 3 mm and λ T 2 = 70 ± 6 mm.
In these two configurations the magnetic connection lengths are sufficiently different with a ratio of L c2 /L c1 ≈ 25.2, while the ratio of e-folding lengths is λ T 2 /λ T 1 ≈ 5.4. It indicates that a longer connection length leads to a weaker parallel energy transport and induces a flatter profile with a longer e-folding length. The e-folding length of the ion temperature radial profile is approximately proportional to the square root of the connection length, λ T ∝ L 1/2 c , similar to the result of the particle transport in the simple model [5] . It is worth noting that the discharge parameters are different in the considered experimental configurations. The parametric dependence study on Tore Supra [31] indicates the SOL ion temperature is only strongly dependent on the toroidal magnetic field, B t . However, the difference of B t in Configuration (1) and Configuration (2) is too small (∼10% ) to affect the ion temperature profiles, and therefore λ T . Also, because the edge plasma parameters (density, temperature) determining the cross field transport are not sufficiently different in these configurations, modification of the parallel transport due to different magnetic connection lengths should be the main factor influencing the ion temperature profiles in the SOL.
Poloidal asymmetry of the transverse ion energy transport
The ion temperature profiles in Configuration (1) and Configuration (3) are shown in Fig. 9 . The temperature drop scales in both configurations are similar. However, the e-folding length are different, being respectively λ T 1 = 13 ± 3 mm and λ T 3 = 26 ± 4 mm. In this experiment, the connection lengths in Configuration (1) and Configuration (3) are nearly the same, meaning a similar parallel ion energy transport, but the poloidal locations are different: the former is at the top side and the latter is in the midplane. Therefore, the different e-folding lengths of the ion temperature profiles in Configuration (1) and Configuration (3) indicate a significant poloidal asymmetry of the transverse ion energy transport across the SOL in J-TEXT. The larger e-folding length in Configuration (3) hints that the transverse transport is enhanced on the low-field side, which is in qualitative agreement with the results of the Tore Supra tokamak [11] .
Disturbance introduced by RFA
An important point to notice is whether the plasma is disturbed by the insertion of the probe and if the e-folding lengths measured by the RFA are similar to those in its absence. A simple model established by Stangeby [32] allows for a rough estimate of the degree of the probe disturbance by comparing the ambipolar collection length, L col , with L c (formed by the limiters). The probe disturbance is expected to be significant if L col > L c , in which case the probe formed a new, shorter connection length. The RFA natural ambipolar collection length, L col , can be estimated as:
where S RFA is the RFA area perpendicular to the magnetic field, 
Summary
The ion temperature in the limiter SOL of the J-TEXT tokamak has been measured by a double-sided RFA, and strongly declining T i profiles have been found. Comparative experiments to determine the influence of the magnetic connection length, L c , on the ion energy transport in the SOL has been carried out, together with investigations of the poloidal asymmetry. The results indicate that longer L c leads to weaker parallel energy transport with longer e-folding length, λ T . The relationship between L c and λ T is approximately compliant with square root dependence, λ T ∝ L 1/2 c , similar to the particle transport. The ion energy transport across the SOL is poloidally asymmetric with enhanced transverse transport on the low-field side. Further investigations of the ion energy transport poloidal asymmetry are planned for future work.
